Abstract The teteracycline (Tc)-dependent and -inducible transcriptional activator (rtTA) system has been used to express regulated transgene expression in vitro and in vivo. However, previous reports have demonstrated that, even in the absence of Tc, the rtTA binds weakly to the tetracycline response element (TRE), leading to a low level of background activity. In order to reduce the leaky gene expression induced by rtTA, we previously established a tightly regulated system (A-IRES-R system) that makes use of both the rtTA (A) and a Tc-dependent repressor (TetR-Kruppel-associated box; KRAB) (R). In addition, others have described a transactivator rtTA2-M2 (M2) that displays higher sensitivity to Dox than rtTA. In this study, to further develop the A-IRES-R system, we generated a derivative Tc system (M2-IRES-R system) that co-expresses both rtTA-M2 and TetR-KRAB from a single vector. We show that compared to the A-IRES-R system, the M2-IRES-R system leads to a greater level of induced TRE-mediated transcription in the presence of doxycycline (Dox) and yet displays a similar level of basal TRE-mediated transcription in the absence of Dox. Furthermore, the M2-IRES-R system also displays less leaky gene expression in the absence of Dox compared to rtTA-M2 and rtTA systems. Taken together, our results suggest that the M2-IRES-R system enables to tightly regulate and highly induce the expression of transgene compared to other systems.
Introduction
Genetic techniques have proven powerful for the study of the molecular bases of biological phenomena and for the development of gene therapies. However, there are serious limitations to these methods. For example, conventional gene targeting technology may lead to severe developmental deficits or the development of compensatory mechanisms. To overcome these problems, methods should be developed that temporally and spatially regulate the mutation. For the regulation of somatic mutagenesis, a transgenic system is necessary, in which the expression of target proteins, such as Cre recombinase and mutated proteins, is tightly regulated by exogenous compounds.
Bujard et al. have developed regulatable gene expression systems for use in mammals that are based on Tc-responsive transcription factors (Gossen and Bujard 1992; Gossen et al. 1995) . Indeed, two types of engineered Tc-responsive transcription factors have been generated through modification of the repressor of the Tn10 tetracycline (Tc) operon of Escherichia coli (TetR), which binds to its operator sequence (tetracycline response element; TRE) in the absence of Tc. The transcription activation domain, VP16, of herpes simplex virus was fused with TetR (TetR-VP16; tTA) or a mutant of TetR (rTetR) that binds to TRE only in the presence of Tc (rTetR-VP16; rtTA). The resulting fusion activators, tTA and rtTA, activate TRE-mediated transcription in the absence or presence of Tc, respectively (Gossen and Bujard 1992; Gossen et al. 1995) . These activators have been used to regulate TRE-dependent transgene expression in transgenic mice (Mayford et al. 1996; Chen et al. 1998; Mansuy et al. 1998; Tremblay et al. 1998; Yamamoto et al. 2000) .
rtTA is thought to be more useful than tTA because the administration of Tc, rather than its removal, induces the de novo synthesis of target proteins. However, the expression of rtTA has been shown to result in leaky Tc-independent expression because rtTA binds weakly to the TRE, even in the absence of Tc (Kistner et al. 1996; Forster et al. 1999; Freundlieb et al. 1999; Baron and Bujard 2000; Wang et al. 2000; Uchida et al. 2006 ). Severe problems may result when this rtTA system is used to regulate the expression of toxic proteins or proteins whose low level of expression is enough to affect the function of endogenous proteins. Therefore, in order to reduce this leaky expression, a system was developed in which the Tc-dependent activator (rtTA) and Tc-dependent transcription repressor (TetR-KRAB) are co-expressed from a single vector using an internal ribosome entry site (IRES; Bornkamm et al. 2005; Saqr et al. 2006; Uchida et al. 2006) . In this system, only TetR-KRAB binds to the TRE in the absence of Tc and represses leaky rtTA-dependent transcription. This system has been used successfully for the regulation of transgene expression in the brain (Uchida et al. 2006 ).
Other tetracycline-inducible transcription activators have been developed that show an increase in sensitivity to doxycycline (Dox), a derivative of Tc (Urlinger et al. 2000) . For example, rtTA-M2 is active at a Dox concentration that is tenfold lower than that necessary when using rtTA, and displays transgene expression in the absence of Dox that is less leaky than that observed with rtTA.
In this report, to further develop transgenic systems that enable tightly regulated transgene expression, we generated a derivative Tc-based system (M2-IRES-R) that co-expresses rtTA-M2 and TetR-KRAB from a single expression vector. We compared the regulation of transgene expression by the M2-IRES-R system with that observed with the rtTA-M2 and A-IRES-R systems. We show that the M2-IRES-R system drives a greater level of induced transgene expression in the presence of Dox and that it nevertheless displays a basal level of TREmediated transcription in the absence of Dox that is comparable to that observed with the A-IRES-R system.
Materials and methods

Plasmid constructions
A TRE-reporter construct, pTRE-Luc, and expression plasmids encoding rtTA or tTA (prtTA or ptTA, respectively) were purchased from Clontech (Mountain View, NJ). The b-galactosidase expression plasmids, pCH110 and pCMVb, were purchased from Amersham (Piscataway, NJ, USA) or Clontech, respectively. pA-IRES-R was constructed as previously described (Uchida et al. 2006) . prtTA-M2 expressing a tTA mutant containing five amino acid substitutions relative to wild-type tTA was constructed as previously described (Urlinger et al. 2000) . Furthermore, KpnI and AscI, and EcoRI, MluI and ClaI restriction enzyme sites were introduced into the 5 0 -and 3 0 -ends of the rtTA-M2 coding region, respectively, by PCR based site-directed mutagenesis. To generate prtTA-M2, the KpnI-EcoRI fragment of rtTA-M2 was subcloned into the corresponding restriction sites in pcDNA3. To generate pM2-IRES-R, the ClaI fragment encoding rtTA-M2 from prtTA-M2 was inserted into the corresponding restriction sites in pA-IRES-R.
The doxycycline solution Doxycycline (Dox)-hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in water to a final concentration of 2 mg/ml and sterilized using a 0.22-lm filter. Aliquots of the Dox stock solution were stored at -20°C.
Cell culture and transient transfection NIH3T3 and COS-1 cells were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 lg/ml) at 37°C in 5% CO 2 as previously described (Hosoda et al. 2004 ). PC12 cells were maintained in DMEM supplemented with 10% FBS, 5% horse serum, penicillin (100 U/ml), and streptomycin (100 lg/ml).
Reporter assay
For the reporter assay, NIH3T3, COS-1 and PC12 cells grown in 24-well plates were transiently transfected with plasmids using Lipofectamin-plus and the Lipofectamin 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Fifteen hours following transfection, Dox (10-1,000 ng/ml) was added to the cell culture medium. pCH110 (100 ng) or pCMVb (100 ng) was used as a control for normalization of transfection efficiency. Forty-eight hours following transfection, we measured the activities of luciferase and b-galactosidase as previously described (Hosoda et al. 2004) . Luciferase activity was normalized to b-galactosidase activity, and the relative luciferase activity was then calculated as a ratio relative to that observed in control cells transfected with pTRE-Luc and pcDNA3 in the absence of Dox. All reporter assays were performed in triplicate in three independent experiments. Each value represents the mean ± SD. Statistical analyses were performed using the unpaired Student's t test. A p value \0.05 was considered to be statistically significant.
Results and discussion
We first confirmed the previous observations that compared to rtTA, rtTA-M2 display reduced basal activity in the absence of Dox and increased sensitivity to Dox. NIH3T3 cells were transiently transfected with a TRE-reporter plasmid, together with an expression plasmid encoding rtTA (prtTA) or rtTA-M2 (prtTA-M2). In the absence of Dox, cells expressing rtTA displayed significantly greater basal transcription from the TRE-dependent promoter compared to control cells transfected with pcDNA3, indicating that expression of rtTA led to leaky transcription (***Online Resource). Consistent with the results of a previous report (Deuschle et al. 1995) , this leaky expression was not observed following expression of rtTA-M2 (Online Resource). In the presence of Dox, cells expressing rtTA-M2 displayed significantly greater induced transcription from the TRE-dependent promoter compared were transiently co-transfected with the pTRE-Luc reporter plasmid (10 ng), together with pM2-IRES-R (100 ng) or pA-IRES-R (100 ng). pCH110 (100 ng) was used as a control for transfection efficiency. Empty vector (pcDNA3) was used to standardize the total amount of transfected DNA (210 ng). Dox (10-1,000 ng/ml) was added to the cell culture medium. An asterisk indicates p \ 0.05 compared with A-IRES-R in the presence of each dose of Dox (Student's t test) to cells expressing rtTA. Importantly, rtTA-M2 but not rtTA displayed activation of TRE-mediate transcription even following the application of a low dose of Dox (100 ng/ml). These observations are consistent with previous findings and indicate that compared to rtTA, rtTA-M2 displays a lower level of leaky transcription and a greater level of inducible transcription in response to DOX.
To reduce leaky transcription activation by rtTA, we previously developed a bicistronic expression system (A-IRES-R) that allows co-expression of both a Dox-dependent activator (rtTA; A) and repressor (TetR-KRAB; R) form a single vector incorporating an IRES. We next examined the function of rtTA-M2 in this bicistronic expression system. To test this, NIH3T3 cells were transiently transfected with pA-IRES-R or pM2-IRES-R. In the absence of Dox, co-expression of rtTA-M2 or rtTA with TetR-KRAB lead to a decrease in the basal activity of the TREdependent promoter compared to that observed in control cells transfected with pcDNA3 (Fig. 1) , indicating that both systems exhibit a lower level of leaky transcription. Moreover, in the presence of more than 50 ng/ml Dox, the M2-IRES-R system showed significantly greater levels of induced transcription compared to the A-IRES-R system (Fig. 1) . These results indicate that the M2-IRES-R system displays a greater level of inducible expression compared to the A-IRES-R system, while nonetheless displaying a comparable level of basal transcription from the TRE-dependent promoter. Therefore, these results suggest that the M2-IRES-R system may be useful to induce high-level expression of a transgene whose leaky expression should be prevented owing to toxicity of the gene product, such oncoproteins or factors that trigger apoptosis.
Previous reports have shown that rtTA-M2 itself displays a lower level of leaky TRE-mediated transcription than rtTA (Welman et al. 2006) . We next compared the levels of basal and induced TREmediated transcription from the M2-IRES-R and rtTA-M2 systems, the latter of which only expresses rtTA-M2 and not the TetR-KRAB repressor, in the absence and presence of Dox in NIH3T3 cells. In the were used as controls for transfection efficiency. Empty vector (pcDNA3) was used to standardize the total amount of transfected DNA (210 ng). Dox (10-1,000 ng/ml) was added to the cell culture medium. An asterisk indicates p \ 0.05 compared with M2-IRES-R in the presence of each dose of Dox (Student's t test) absence of Dox, the M2-IRES-R system displayed a lower level of basal transcription from the TREdependent promoter compared to the rtTA-M2 system (Fig. 2a) . In contrast, in the presence of more than 100 ng/ml of Dox, the rtTA-M2 system displayed significantly greater level of induced TREmediated transcription than the M2-IRES-R system (Fig. 2a) . These results indicated that M2-IRES-R system gave rise to a lower level of basal transcription that was observed with the rtTA-M2 system, although the level of Dox-induced expression observed with the M2-IRES-R system is lower than that observed with the rtTA-M2 system.
We finally examined whether the M2-IRES-R system displays tight regulation of TRE-mediated transcription in other types of cell, specifically Cos-1 cells, a monkey kidney cell line, and PC-12 cells, a rat neuronal cell line. As was observed in NIH3T3 cells, the M2-IRES-R system gave rise to lower levels of basal and induced TRE-mediated transcription than the rtTA-M2 system in both the absence and presence of Dox, respectively, in COS-1 cells and PC12 cells (Fig. 2b, c) . Taken together, these results suggest that the M2-IRES-R system functions in various types of cells including neuron-like cells.
In this report, we improved the A-IRES-R system by incorporating the Dox-dependent transcription activator, rtTA-M2. The resulting M2-IRES-R system displayed a greater level of induction of TREmediated transcription by Dox that was observed with the A-IRES-R system and also gave rise to a lower level of basal transcription that was observed with the rtTA and rtTA-M2 systems, although the level of Dox-induced expression observed with the M2-IRES-R system is lower than that observed with the rtTA-M2 system (Fig. 1) . These results indicate that the M2-IRES-R system is better suited for the inducible expression of toxic proteins, such as those that could induce embryonic lethality or developmental defects, compared to other systems, whereas the rtTA-M2 system should be used when greater expression of the gene of interest is required.
